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MONOBLOCK LASER WITH IMPROVED 
ALIGNMENT FEATURES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

The present application is based on and claims the bene?t 
of US. provisional patent application Ser. No. 60/662,691, 
?led Mar. 17, 2005, the content of Which is hereby incorpo 
rated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates to solid state lasers having an 
output in the near infrared, especially those lasers Which have 
a compact siZe and have a high peak output poWer. 

Recent advances in lasers have led to monoblock lasers 
Which feature a number of optical elements assembled on a 
substrate to provide a single piece laser of a compact siZe. 
These monoblock lasers are used in the area of range ?nding 
and surveying applications, and have been used in commer 
cial and military applications. For example, US. Pat. Nos. 
6,556,614, 6,373,865 and 6,744,801 to Nettleton shoW mono 
lithic and pseudo-monolithic laser resonators on a substrate. 
Monoblock laser resonators have a set of gain rods, gener 

ally a Q-sWitch and an OPO With various mirrors arranged 
linearly along the length of a substrate. (Monoblock lasers, as 
de?ned herein, have at least one optical resonator subassem 
bly Which is constructed by permanently and immovably 
a?ixing the individual optical components to a common sub 
strate, usually by adhesive bonding, so that the subassembly 
is a uni?ed, optically aligned, non-adjustable single article of 
manufacture.) Light from ?ash lamps or from diode lasers is 
coupled into a rod of lasing material such as NdzYAG or the 
like, and the light moves bidirectionally through the rod, 
bouncing betWeen a highly re?ective (HR) mirror and an 
output coupler (OC) mirror placed at either end of the lasing 
rod. In range ?nding applications there generally is a 
Q-sWitch to provide a pulsed output. In many applications an 
eye-safe (near infrared Wavelength (e.g., 1.54 micron)) laser 
output is desirable. To that end, an optical parametric oscil 
lator (OPO) is introduced into the optical path, to change the 
output Wavelength from 1 .1 micron, the output Wavelength of 
the commonly used NdzYAG lasing material, to a desired 
eye-safe Wavelength such as 1.54 micron. 

Existing monoblock lasers use a UV sensitive adhesive to 
set the optical elements in place along an optical axis. The 
adhesive is placed betWeen the optical elements and the sub 
strate and the optical elements are located in appropriate 
locations on the substrate. Certain of the optical elements may 
be af?xed to the substrate in a pre-alignment setting step. A 
light source is coupled to the resonator and While the mono 
block laser operates, an intensity or a divergence of the output 
light is monitored. Certain critical elements, such as the HR 
mirror or the OC, are tilted in pitch and/or yaW, until the 
intensity or divergence meets a pre-set speci?cation. Once the 
speci?cation is met, UV light is applied to those optical 
elements not already ?xed in place. Some designs feature 
optical elements With a rectangular cross section, placed on a 
?at substrate and other designs have optical elements With a 
round cross section, designed for a concave substrate. 
Regardless of the shape of the cross section of the optical 
elements, the movement necessary to the alignment process 
created unavoidably tapered glue joints betWeen the elements 
and the substrate. The adhesive shrinks volumetrically during 
the curing process, so that thicker adhesive layers shrink more 
than areas Where the adhesive is thinner. Uneven adhesive 
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2 
shrinkage pulls the optical elements out of their alignment 
With respect to the common optical axis depending on the 
geometry of the elements and the differences in thicknesses of 
the adhesive layer. For example, in an undesirable tapered 
glue joint betWeen a mirror and the substrate (both With 
rectangular cross section), the thicker end of the glue con 
tracts more than the thinner end, and the difference in shrink 
age tilts a previously-aligned mirror out of alignment. This 
problem invariably degrades laser performance or causes out 
right failure, reducing manufacturing yield by increasing 
required reWork. 
Non-monoblock lasers address mirror misalignment With 

adjustable mechanical optic mounts Which permit tipping the 
mirrors in pitch and/ or yaW, or alternatively With mechanical 
mounts Which permit rotational adjustment of one or more 
alignable Risley Wedge pairs. (Risley Wedge pairs permit 
changing the direction of light passing through the Risley 
Wedge pair by rotating one Wedge of the pair against the 
other.) The mechanical mounts may be equipped With locking 
means (e.g., clamps, screWs and the like) to secure the 
mechanical alignments, once alignment is achieved. 
Mechanical mounts generally add cost, siZe and Weight to the 
non-monoblock laser and consist of several moving parts 
Which introduce additional possibilities for subsequent mis 
alignment. 

Both problems degrade laser performance and reduce 
manufacturing yields by increasing re-Work and failures, as 
Well as requiring more poWer to operate a less than optimally 
aligned laser. 

Consequently, a need exists for a more e?iciently manu 
facturable laser, especially a monoblock laser, Which substan 
tially reduces misalignment of optical elements due to adhe 
sive shrinkage. 

SUMMARY OF THE INVENTION 

The present invention has a substrate aligned along an axis 
and a ?rst supporting means. A highly re?ective (HR) mirror 
is disposed along the optical axis for re?ecting light, and an 
output coupler (OC) mirror is also disposed along the optical 
axis, for re?ecting light and passing a remainder of the light 
therethrough. A gain element means is disposed betWeen the 
OC mirror and the HR mirror. A ?rst adjustable element is 
disposed along the axis, supported by the supporting means 
and adapted to rotate With respect to the axis until an optimal 
rotation is reached. The light re?ected from the HR mirror 
passes through the gain element means and partially through 
the OC mirror to provide a laser output. The adjustable ele 
ment is ?xed in rotation once a threshold in the laser output is 
reached. The HR mirror, the OC mirror, and any elements 
betWeen (in this case, the gain element and the ?rst adjustable 
element), form a ?rst resonant cavity. 

In a ?rst aspect of the invention, the ?rst supporting means 
comprises a recess shaped into the substrate. The recess has a 
?rst radius. Either the HR mirror or the OC mirror is disposed 
on the ?rst adjustable element. The ?rst adjustable element 
has a spherically shaped bottom With a radius of substantially 
the ?rst radius and rotates in a pitch and a yaW direction With 
respect to the axis. This ?rst aspect of the present invention 
applies to all types of monoblock lasers. 

In another aspect of the present invention Which applies to 
all types of laser resonators, the ?rst adjustable element is a 
?rst Risley Wedge pair. The ?rst Risley Wedge pair has a 
Risley axis therethrough, and the ?rst supporting means ?xes 
the Risley axis parallel to the axis. Preferably, the ?rst sup 
porting means is a V-block, preferably With tWo angled inner 
sides. The V-block preferably ?ts into a ?rst trench in the 
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substrate. In another embodiment, the ?rst supporting means 
is a ?rst concave recess formed in the substrate, Where the HR 
mirror and the ?rst Risley Wedge pair are disposed in the ?rst 
concave recess. 

When a laser output at a second Wavelength is desired (e.g., 
a tWo stage resonator), the substrate has a second supporting 
means and the light re?ected off the HR mirror is light at a ?rst 
Wavelength. A Wavelength shifting means is disposed 
betWeen the gain element means and the OC mirror and shifts 
the light at the ?rst Wavelength to light at a second Wave 
length. The Wavelength shifting means also passes the light at 
the ?rst Wavelength and may re?ect light at the second Wave 
length, depending on the application. For example, an intra 
cavity harmonic generator does not require light re?ection. A 
second adjustable element is disposed along the axis and is 
adapted to rotate With respect to the axis until a second opti 
mal rotation thereof is reached. The second adjustable ele 
ment is supported by the second supporting means and the 
second adjustable element is ?xed in rotation at the threshold. 
The tWo aforementioned aspects of the present invention, the 
Risley Wedge pair and the matched recess and optic With a 
spherical bottom, are equally applicable to tWo stage resona 
tor assemblies as Well as any number of other con?gurations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and features of the present invention Will 
become apparent from the detailed description When read in 
light of the attached draWings. It is understood that the draW 
ings are for illustration only and are not intended to de?ne the 
limits of the present aspects of the invention. 

FIG. 1a is an exploded, elevated perspective vieW of an 
aspect of the present invention With Risley Wedge pairs in 
V-blocks, With an internal OPO con?guration; 

FIG. 1b shoWs an elevated perspective vieW of the V-block 
and the Risley Wedge pair shoWn in FIG. 1a; 

FIG. 1c shows an elevated perspective vieW of an alterna 
tive embodiment of a substrate and a Risley Wedge pair; 

FIG. 2 is a block diagram of a method of assembly, appli 
cable to both aspects of the present invention; 

FIG. 3a is an elevated perspective vieW of a substrate for 
use in the Risley Wedge pair aspect of the present invention; 

FIG. 3b is an elevated perspective vieW of a laser resonator 
With an external OPO, With Risley Wedge pairs in grooves in 
the substrate shoWn in FIG. 3a; 

FIG. 4a is an elevated perspective vieW of a substrate and 
spherical bottom optical element for use in the matching 
spherical radii aspect of the present invention; 

FIG. 4b is an elevated perspective vieW of an alternative 
substrate and spherical bottom optical element for use in the 
matching spherical radii aspect of the present invention; 

FIG. 40 is a side vieW of an internal OPO embodiment 
using the matching spherical radii shoWn in FIG. 4a; and 

FIG. 4d is a side vieW of an alternative internal OPO 
embodiment using the matching spherical radii shoWn in FIG. 
411. 

Reference designators of the same number refer to previ 
ously described components of that reference number. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

FIG. 1 shoWs a monoblock laser of the present invention 
generally at 2, Which includes a light source 4 coupling light 
into a resonator 6. Source 4 canbe a set of laser diodes (lasing, 
for example, into the NdzYAG material absorption bands near 
808 nm), a single more poWerful laser diode or, in a preferred 
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4 
embodiment, a ?ash lamp providing light at Wavelengths 
720-840 nm. Flashlamps are preferred in loW repetition rate 
applications, While diodes permit operation at higher repeti 
tion rates as they generate less excess heat. A metal or ceramic 
re?ector 8 is disposed above and around laser assembly 2 so 
as to re?ect light back into laser 2 for higher ef?ciency opera 
tion. 

Substrate 10 is made of undoped Yttrium Aluminum Gar 
net (YAG), Which is chosen because its temperature coe?i 
cient of expansion matches closely With the temperature coef 
?cient of a pair of BreWster gain blocks 12. Mismatched 
temperature coef?cients lead to undesirable stress on the glue 
joint, potentially causing glue joint failure. Other substrate 
materials may also be used depending on the application. For 
example, other suitable substrate materials Which are metallic 
(e.g., copper-tunsten alloy) or dielectric (e.g., aluminum 
nitride ceramic) may be used. Substrate thickness can be 
varied, but a preferred dimension is 3.5><3.5><67 mm long. 
Other substrate siZes Work as Well, for example 4.75><4.75 
mm by various lengths. The length of substrate 10 is only one 
of several design variables and is adjusted to balance opera 
tional speci?cations for the laser. For example, a loW diver 
gence laser has its intermediate HR/HT mirror and the output 
coupler further apart (and therefore, a longer substrate) than a 
Wider divergence, compact, short laser. Frequently, substrate 
10 is 0.5 mm Wider than the Width of rods 12, Which alloW for 
simpli?ed placement and alignment of those components 
Without “overhanging” the substrate. Overhanging optics are 
likely to suffer mechanical damage, especially non-linear 
dielectric rods such as an OPO as they vary lot-to-lot in 
optical axis orientation. 

Gain rod 12 is made of YAG crystal doped With Neody 
mium (NdzYAG) in the range 0.7% to 1.1%. Other materials 
such as NdzYLF or any other solid state laser medium Which 
can be pumped by a ?ashlamp or diodes are suitable, and may 
be preferred for generating Wavelengths other than 1.06 
microns. The ends of gain blocks 12 are polished to eliminate 
scattering losses and coated to reduce Fresnel re?ection 
losses. Pump light from light source 4 is absorbed by gain 
blocks 12. NdzYAG is the material of choice as its physical 
properties (e.g., optical, spectroscopic, mechanical, thermal 
and electrical) are ideally suited to the manufacture of a 
rugged, ef?cient solid state laser gain medium. A preferred 
supplier of NdzYAG is Scienti?c Materials Corp. of BoZe 
man, Mont. The cross sectional pro?le of the optical compo 
nents in laser 2 is square to alloW for easy manufacture, but 
other cross sections such as circular, triangular and other 
shapes Work as Well. A preferred cross sectional siZe of gain 
rods 12 is 3 mm><3 mm, but ultimately gain rod volume is set 
by poWer output speci?cations. 
A polished-end angled cut is made through gain rod 12 at 

the BreWster angle of the light traveling in the ?rst resonant 
cavity, 1.06 micron. The angled BreWster angle cut linearly 
polariZes light in ?rst resonant cavity 14, Which is necessary 
for later Wavelength shifting in a second resonant cavity 16. 
The axial location of the angled cut is unimportant. It is Well 
understood that the NdzYAG With an angled BreWster cut 
chosen for this preferred embodiment functionally provides 
both gain and polarization. The gain function is required for 
making the most basic of lasers, but the polariZation function 
is additionally required When later frequency shifting is 
desired. Therefore, alternative embodiments of gain medium 
12 are uncut gain material With polariZation achieved With a 
separate polarizing optic. One example of a separate polariZer 
is a thin-?lm cube polariZer or the like. Another Way to 
achieve the polariZation and the gain functions include the use 



US 7,817,704 B2 
5 

of a polarizing gain medium such as NdzYLF, Which material 
is inherently polarizing Without a Brewster angle cut through 
the crystal. 
A highly re?ective (HR) mirror 18 is deposited on a sepa 

rate optic 20, to re?ect light back into the pair of gain rods 12. 
Separate optic 20 is fabricated from glass, YAG or other 
optically transparent material, as appropriate. Optic 20 is 
approximately 4 mm long, in order to provide adequate sur 
face area for bonding to substrate 10. A passive Q-sWitch 22, 
Which preferably is a Cr4+ doped YAG crystal, is also sup 
ported by substrate 10 and disposed With its cross section 
perpendicular to a primary axis 24. Q-sWitch 22 is preferably 
located betWeen gain blocks 12 and an OPO crystal 26, but 
may be located anyWhere betWeen HR mirror 18 and an 
output coupler (OC) 28. Q-sWitch 22 attenuates light up to a 
critical energy level then quickly sWitches to a highly trans 
missive state, causing the laser to emit a short, high intensity 
output pulse desirable for speci?cations found in military 
laser range ?nders. Alternatively, Q-sWitch 22 may be made 
of another passive material or be an active Q-sWitch operating 
according to electro-optic or acousto -optic principles. A dich 
roic mirror 30 is vacuum deposited on a cross section of 
Q-sWitch 22, and is an HR/HT mirror With high re?ection at 
1.54 microns and high transmission at 1.06 microns. 

Light at 1.06 micron Which passes through dichroic mirror 
30 enters optical parametric oscillator (OPO) crystal 26. OPO 
26 is a non-linear dielectric material oriented for non-critical 
phase matching, preferably made of KTA (Potassium Titanyl 
Arsenate) or the like, Which converts light at the ?rst Wave 
length to light at a second eye-safe Wavelength of 1.54 
micron. Other types of crystals, such as KTP (Potassium 
Titanyl Phosphate) may be used, depending on the desired 
second stage Wavelength. Nonlinear crystals cut at different 
angles for critical phase matching can also be used to generate 
other Wavelengths. In general, any optical material Which has 
a non-linear dielectric polarizability is a candidate for use as 
an OPO. Output coupler (OC) mirror 28 is vacuum deposited 
on a separate optic 32, and passes a portion of the light at 1.54 
microns as a ?nal output of laser assembly 2 and re?ects light 
at 1.06 microns back into ?rst resonant cavity 14. When the 
Wavelength shifting crystal 26 does not require re?ection of 
the light at the second Wavelength (e.g., if it Were an intra 
cavity harmonic generator), the re?ective properties of dich 
roic mirror 30 are unnecessary. Second resonant cavity 16 is 
formed of dichroic mirror 30, OPO crystal 26 and output 
coupler 28, in Which the remainder of the light at 1.54 micron 
re?ects betWeen mirror 30 and OC 28 and through crystal 26. 

According to the present invention, a pair of rectangular 
trenches 34,36 are machined into substrate 10. A pair of 
V-blocks 38,40 are machined of the same material as sub 
strate 10 to ?t into trenches 34,36 and are preferably a?ixed 
With an adhesive. Each Risley Wedge pair 42,44 comprises 
tWo optical Wedges having equal Wedge angles Which are 
tWisted against each other to adjust the direction of light 
passing through the pair. Each Risley Wedge pair 42,44 is 
preferably positioned closely adjacent to optics 20,32, 
respectively. V-blocks 38,40 hold Risley Wedge pairs 42,44, 
respectively. In FIG. 1b, V-block 40 contacts Risley Wedge 
pair 42 in tWo lines of contact (one hidden line shoWn at 43). 
Preferably, the bottom of Risley Wedge pair 42 does not rest 
onV-block 40. The V-block support ?xes the rotational axis of 
a Risley Wedge pair substantially parallel to primary axis 24, 
permitting the Risley Wedge pair to be adjusted exclusively in 
rotation (and not in pitch nor yaW) While the laser output is 
monitored, and an optimal rotational position of the Risley 
Wedge pair ?xed When the laser output (e. g., divergence, 
intensity) reaches a pre-set threshold. (Pitch is angular move 
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6 
ment With respect to the x axis in the x-z plane; yaW is angular 
movement With respect to the x axis in the x-y plane (see 
orthogonal axes in FIG. 1a.) In essence, this aspect of the 
present invention employs a bondable optic Which does not 
require tipping for alignment as the tipping leads to an 
unavoidably tapered glue joint. 

This aspect of the present invention can be embodied in any 
monoblock laser Which supports a Risley Wedge pair so that 
only rotational movement With respect to the optical axis can 
occur. For example, a support With a different geometry on its 
inner sides (e. g., irregular curved or j agged) may not form tWo 
continuous straight lines of support betWeen itself and the 
Risley Wedge pair, but the sides of the support Will maintain 
alignment of the Risley Wedge pair. This arrangement pre 
vents an aligned Risley Wedge from becoming misaligned 
due to volumetric glue shrinkage. In practice, the glue is 
placed in the space betWeen the Risley Wedge pair and the 
V-block and cured. The tendency of the glue to shrink is 
resisted by the physical lines of contact betWeen the Risley 
Wedges and the V-block. This creates strong tensile forces 
Within the cured glue Which serve to hold the Risley Wedges 
?rmly in the V-blocks. Thus, it is the V-block/Risley geometry 
that determines the position of the Risley Wedge pair, not the 
glue; the glue serves only to a?ix the Risley Wedge pair to the 
V-block. 

It is also understood that other monoblock laser designs 
may employ different numbers of Risley Wedge pairs. The 
general rule is that for each n mirrors, n—1 Risley Wedge pairs 
are required to align the laser. It is also understood that the 
substrate may be machined to itself provide the necessary 
contact support betWeen the Risley Wedge pair and the sub 
strate, rather than an additional V-block piece. For example, 
FIG. 1c shows a substrate 11 Which is formed With an integral 
V-groove supporting a Risley Wedge pair 41. Hidden line 39 
forms one of the tWo lines of support. The rest of substrate 11 
is preferably otherWise ?at to conform to rectangular optical 
components, but this aspect of the present invention applies 
equally Well to a monoblock laser With all optical components 
having a common cross sectional shape. 

FIG. 2 shoWs an optional step 69 of preparing the substrate, 
Which for the embodiment shoWn in FIG. 1a, includes gluing 
non-integral V-block means into the substrate. Next, a pre 
alignment step in block 70 occurs, Where optic 20 (With 
mirror 18), gain rods 12, Q-sWitch 22, OPO crystal 26 (With 
dichroic mirror 30) and optics 32 (With OC mirror 28) are 
?xed in place on substrate 10 along optical axis 24, using a 
thin, uniform layer of a UV sensitive adhesive such as Nor 
land 61 or the like. A single drop of Norland 61 is adequate for 
adhesion and at this time, UV light preferably ?xes the posi 
tion of the aforementioned components (see optional step 71). 
The thin, uniform nature of the adhesive serves to limit tilt of 
the components during curing of the adhesive, since adhe 
sives shrink volumetrically during curing. Other adhesive 
means, including adhesives sensitive to heat or Which cure on 
exposure to air, or diffusion bonding may also be used. In any 
event, manufacturer’s instructions may include temperature 
cycling to cure and stabilize the adhesive, as required. In 
block 72, light source 4 is energized and a lased light output 
46 is monitored in electronics/ optics block 48 for some 
desired physical parameter such as divergence and/or light 
intensity (as required by the application). While laser assem 
bly 2 operates, circular Risley Wedge pairs 42,44 are adjusted 
to optimize the desired physical parameter. In block 74, once 
the energy monitoring system in electronics/optics block 48 
registers a pre-set threshold for the divergence and/or light 
intensity, the adjustable Risley Wedge pairs 42,44 are ?xed in 
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place (including all other components if not already ?xed in 
place) by shining UV light on the adhesive. 

The present invention as shoWn in FIG. 1a is an internal 
OPO design, as second resonant cavity 16 is contained Within 
?rst resonant cavity 14. It Will be understood by Workers 
skilled in the art that this aspect of the present invention 
applies equally Well to a simple one-stage laser (one Without 
dichroic mirror 30 and OPO 26, With or Without Q-sWitch 22). 
Accordingly, minor modi?cations can be made to the present 
invention, such as modifying the position of mirrors onto a 
separate optic Without limitation; disposing dichroic mirror 
30 on an end of Q-sWitch 22, or using an alternatively shaped 
substrate (such as a rectangular or V-shaped substrate), With 
out departing from the spirit and scope of the invention. 

FIGS. 3a and 3b shoW an external OPO version of this 
aspect of the present invention, according to a concave sub 
strate embodiment used With integral detents for tWo Risley 
Wedge pairs. A substrate 100 fabricated ofYAG, has a central 
core 102 for supporting a number of optical elements along an 
optical axis 104. TWo detents 106,108 on each end of sub 
strate 100 have larger radii than central core 102. First detent 
106 supports HR mirror 120 and an adjustable Risley Wedge 
pair 112, and second detent 108 supports output coupler 
mirror 110 and an adjustable Risley Wedge pair 114. The 
inner edge of circular grooves 106,108 ?x Where Risley 
Wedge pairs 112,114 are located. In this embodiment, the 
substrate has an edge against Which the Risley Wedge pair is 
restrained. The radii of sections 106, 108 are slightly less than 
the radii of Risley Wedge pairs 112,114, so that the intersec 
tion of the planar and curved sections fully support each 
Risley Wedge pair and preferably, the Risley Wedge pairs do 
not rest on the bottom of the curved sections. 
A ?rst resonant cavity 116 includes HR mirror 120 depos 

ited on an end of a separate optic 122, Risley Wedge pair 112, 
a pair of angled BreWster cut gain rods 124 Which produce and 
polariZe light at a ?rst Wavelength and Q-sWitch 126 With an 
intermediate mirror 128 deposited thereon. Intermediate mir 
ror 128 partially passes light at the ?rst Wavelength onto 
optional mode-matching optics 130 and re?ects the rest of 
that light Mode matching optics 130 are employed as needed 
according to the application, to ensure that adequate energy 
and a loW enough divergent beam are present in second reso 
nant cavity 118. An alternate embodiment for optics 130 is an 
appropriately oriented and spaced Galilean telescope. A sepa 
rate mirror block 132 is disposed next in the optical path of 
resonator 140, With a dichroic mirror 134 deposited on it. 
HR/HT mirror 134 passes light at the ?rst Wavelength, (1.06 
micron) and re?ects light at the second Wavelength (1.54 
micron) back into cavity 118. Nonlinear crystal 136 folloWs 
next along the optical axis 104, and another separate mirror 
optic 138 With an integrated OC mirror 110 on its cross 
section is disposed on the end of substrate 100. Second reso 
nant cavity 118 is formed by HR/HT mirror 134, nonlinear 
optic 136, Risley Wedge pair 114 and OC mirror 110. Light 
from ?rst resonant cavity 116 enters nonlinear dielectric 136, 
Which converts light at the ?rst Wavelength to light at the 
second Wavelength. OC mirror 110 substantially passes a 
portion of the light at the second Wavelength as an output of 
laser assembly 142 (shoWn in FIGS. 3a and 3b Without a light 
source and a re?ector), and re?ects the remainder of the light 
back into dielectric 136. The same comments made above 
With respect to FIGS. 1a-c, as to preferred materials and their 
alternatives, apply in this external OPO embodiment. 

To manufacture the concave substrate embodiment of the 
present invention, the steps of FIG. 2 apply. In step 70, the 
components located in central core 102 (gain rods 124, 
Q-sWitch 126, optional matching optics 130, separate optic 
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132 With HR/HT 134 thereon and OPO 136) and the ends 
106,108 (separate optics 122,138) are coated With a thin, 
uniform layer of adhesive and placed into cores 102,106,108. 
Preferably, UV light is noW directed onto the adhesive (see 
optional step 71), but it may be done in a single step after 
Risley Wedge pairs 112,114 are adjusted. In step 72, adjust 
able Risley Wedge pairs 112,114 are placed against the detent 
formed by the edge of core 102. A light source (not shoWn) is 
energiZed and laser resonator 140 emits a laser output at 1.54 
microns at 104. The light output at 104 is detected by sensor 
144 and electronic system 146 Which provides a light inten 
sity and/or divergence of output 104, as appropriate for the 
application. Adjustable Risley Wedge pairs 112,114 are rota 
tionally adjusted in place While the output from electronics/ 
optics block 146 is monitored. In step 74, once electronics/ 
optics block 146 registers a pre-set threshold for the 
divergence and/or light intensity, adjustable Risley Wedge 
pairs 112,114 are ?xed in place by shining UV light on the 
adhesive (or optionally, all components are ?xed in place at 
this time). 

FIGS. 4a-d shoW the second aspect of the present inven 
tion, Where substantially matching radii of a novel optic and 
substrate eliminate undesirable tipping during alignment. 
FIG. 4a shoWs a cutaWay substrate 200 With a spherical 
dimple or recess 202 machined on its otherWise ?at surface. A 
separate optic 204 has all sides ?at except for its bottom 206, 
Which is spherically shaped With substantially the same 
radius as spherical dimple 202.Any cross section taken across 
bottom 206 through its center Will have the same radius of 
curvature. Machine tools equipped With specially shaped, 
diamond-grit-embedded cutters are preferably used to create 
dimple 202 and bottom 206. An optimal radius of curvature 
for elements With a 3 mm square cross section is approxi 
mately 10 mm, but a larger radius of curvature, such as 12 
mm, Works for elements With a square cross section of 4.25 
mm. Optic 204 has a mirror 208 on one of its cross sections 
perpendicular to an optical axis 210. 

FIG. 4b shoWs an alternative substrate 212 for use With a 
spherical bottom optic 204. A spherically shaped recess is 
machined in substrate 212, and the same spherical shaped 
recess as in FIG. 4a continues until contour 216 in FIG. 4b. A 
narroW rim 218 is formed betWeen the surface of substrate 
212 and contour 216 Which supports optic 204. Another 
spherically shaped recess 214 having a smaller radius than the 
one Which forms rim 218 is machined into substrate 212, 
Which permits excess glue to accumulate therein during 
alignment. Alternatively, small recess 214 extends doWn 
through substrate 212 to form a hole 219 through the sub 
strate. Regardless of the embodiment of the substrate, manu 
facture continues as described beloW. 

During manufacture, a ?rst set of optics (not the ones With 
a spherical bottom) are preferably glued to the substrate. 
Next, a thin, uniform layer of an adhesive is applied to one of 
the surfaces 202,206, and optic 204 is placed into dimple 202 
(or alternatively onto rim 218). If not already glued, the other 
elements forming the resonator are glued onto the substrate 
(step 71). The laser is energiZed, and the divergence and/or 
intensity of the light output by the laser is monitored While 
optic 204 is moved in pitch and/or yaW (step 72). At a pre-set 
threshold representing a desired divergence and/ or intensity, 
optimal alignment of optic 204 is achieved and appropriate 
means are used to ?x optic 204 in place, such as an UV 
sensitive adhesive (step 74). 
The purpose of the matching spherical radii (on a substrate 

and a separate optic With a mirror) is to permit alignment of 
the mirror Without creating a tapered adhesive joint. In 
essence, the interface betWeen the optic and the substrate is 
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optimally shaped so the glue layer maintains a constant thick 
ness as the optic is tipped in pitch and/or yaW. 

The adhesive layer and the spherical geometry of the joint 
maintain a constant thickness of adhesive as the optic (Which 
has the mirror disposed thereon) is tilted in alignment. 
Tapered adhesive joints pull previously aligned optics out of 
alignment because the adhesive shrinks volumetrically. For 
example, on a glue joint tapered across the length of a sub 
strate, the thicker side of the joint shrinks more than does the 
thinner side. 

The present invention of the substantially matching radii (a 
substrate dimple or recess and an optic With a spherical bot 
tom) is applicable, Without limitation, to all monoblock 
lasers. It is also understood that this aspect of the present 
invention includes the use a spherical dimple in an optic and 
a substrate With a spherical protrusion on it Further, While the 
number of adjustable elements (e.g., substantially matching 
radii optics and substrate dimples or recesses) in this embodi 
ment of the present invention is tWo, it is understood that in 
general, a laser design With n mirrors requires n—1 adjustable 
elements to align it. Accordingly, other monoblock laser 
designs With more or feWer mirrors Will have correspondingly 
different numbers of adjustable elements. In any event, the 
location and function of substantially matching radii optic 
and substrate are determined by application. 

FIG. 4c shows a side vieW of a monoblock laser With a pair 
of substantially matching radii optics and substrate dimples, 
according to the present invention. A substrate 220 has tWo 
dimples 222,224 machined therein. An HR mirror 226 is 
disposed on a separate optic 228. Optic 228 has a spherical 
bottom 230, Which has substantially the same radius of cur 
vature as dimple 222. A pair of YAG gain rods 229 With a 
BreWster angle cut is disposed next along an optical axis 232, 
folloWed by a passive Cr4+ dopedYAG crystal Q-sWitch 234. 
On a cross-section of Q-sWitch 234, a HR/HT mirror 236 is 
disposed perpendicular to axis 232. HR/HT mirror 236 passes 
light at a ?rst Wavelength (preferably 1.06 microns) and 
re?ects light at a second Wavelength; (preferably 1.54 
microns). An OPO 238 is disposed next along axis 232, and an 
OC mirror 240 is deposited on a side of separate optic 242. 
Separate optic 242 has a spherical bottom 243 matched in 
radius to that of the substrate dimple 224. OC mirror 240 
passes a portion of light at the second Wavelength as the laser 
output, 250, and re?ects light at the ?rst Wavelength. A ?rst 
resonant cavity 244 is formed by HR mirror 226, gain rods 
229, Q-sWitch 234, OPO 238 and OC 240. A second resonant 
cavity 246 is formed by dichroic mirror 236, OPO 238 and 
OC 240. Operation of this internal OPO con?gured monob 
lock laser is as described above With reference to FIG. 1a. 

Manufacture of the matching spherical radii monoblock 
laser of FIG. 4a is described in FIG. 2. Gain rods 229, 
Q-sWitch 234 and OPO rod 238 are placed on substrate 220 
With a thin, uniform layer of adhesive (e.g., Norland 61), 
shoWn in step 70 of FIG. 2. In step 72, adjustable components 
228, 242 are also placed on substrate 220 With a thin, uniform 
layer of adhesive, and a light source 252 is energiZed to 
provide a laser output 250. Separate optic 228 (With HR 
mirror 226 disposed thereon) and separate optic 242 (With OC 
mirror 240 disposed thereon) are the adjustable components 
described in step 72, Which are moved in pitch and/or yaW 
While laser output 250 is monitored by energy monitor system 
254. Once a pre-set threshold of divergence and/or intensity 
of output 250 is reached, UV light is directed to Whichever 
components are not ?xed in place (step 74). In this embodi 
ment, adjustable components 228,242 are ?xed in place by 
shining UV light on the adhesive. 
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The optical function of each respective component in FIG. 

4d is the same as that described in FIG. 40. A substrate 320 has 
tWo dimples 322,324 machined therein. An HR mirror 326 is 
disposed on a separate optic 328.A pair ofYAG gain rods 329 
With a BreWster angle cut is disposed next along an optical 
axis 332, folloWed by a passive Cr4+ doped YAG crystal 
Q-sWitch 334. On a cross-section of Q-sWitch 334, a HR/HT 
mirror 336 is disposed perpendicular to axis 332. Q-sWitch 
334 has a spherical bottom 330, Which has substantially the 
same radius of curvature as dimple 322. HR/HT mirror 336 
passes light at a ?rst Wavelength (preferably 1.06 microns) 
and re?ects light at a second Wavelength (preferably 1.54 
microns). An OPO 338 is disposed next along axis 332, and an 
OC mirror 340 is deposited on a side of separate optic 342. 
Separate optic 342 has a spherical bottom 343 matched in 
radius to that of substrate dimple 324. OC mirror 340 passes 
a portion of light at the second Wavelength to form laser 
output 350, and re?ects light at the ?rst Wavelength. A ?rst 
resonant cavity 344 is formed by HR mirror 326, gain rods 
329, spherical bottom Q-sWitch 334, OPO 338 and spherical 
bottom OC 340. A second resonant cavity 346 is formed by 
dichroic mirror 336, OPO 338 and OC 340. Operation of this 
internal OPO con?gured monoblock laser is as described 
above With reference to FIG. 1a. 

Manufacture of the matching spherical radii monoblock 
laser of FIGS. 4c-d is described in FIG. 2. HR mirror 326, 
gain rods 329, and OPO rod 338 are placed on substrate 320 
With a thin, uniform layer of adhesive (e.g., Norland 61), 
shoWn in step 70 of FIG. 2. In step 72, adjustable components 
334, 342 are also placed on substrate 320 With a thin, uniform 
layer of adhesive, and a light source (not shoWn) is energiZed 
to provide a laser output 350. Q-sWitch 334 (With HR/HT 
mirror 336 disposed thereon) and separate optic 342 (With OC 
mirror 340 disposed thereon) are the adjustable components 
described in step 72, Which are moved in pitch and/or yaW 
While laser output 350 is monitored by energy monitor system 
354. Once a pre-set threshold of divergence and/or intensity 
of output 350 is reached, step 74 is performed in Which 
adjustable components 334,342, and other components 
Which are not yet ?xed in place, are ?xed in place by setting 
the adhesive. 

This matching spherical radii aspect of the present inven 
tion includes at least one mirror as the adjustable element of 
the monoblock laser, but Workers skilled in the art Will under 
stand that it applies to any type of monoblock laser design. 
Furthermore, although this aspect of the present invention has 
been described With reference to preferred embodiments, 
Workers skilled in the art Will recogniZe that changes may be 
made in form and detail Without departing from the spirit and 
scope of the invention. For example, the second resonant 
cavity of FIG. 3b can readily be replaced by other means for 
generating second Wavelengths, including but not limited to 
an optical parametric ampli?er or a harmonic generation 
crystal cut and oriented for frequency multiplication. Further 
more, various combinations of optics having the same func 
tion as those described herein, such as those Which vary in 
cross sectional shape and material, or those Which have a 
modi?ed order of placement but accomplish the same func 
tion as those laser resonators described herein, are understood 
to come Within the present invention. 
What is claimed is: 
1. A monoblock laser apparatus, comprising: 
a substrate aligned along an axis and having a ?rst recess 

therein, the substrate having a ?rst support immovable 
With respect to the substrate, adapted to ?t into the ?rst 
recess, and having tWo inner sides to provide mechanical 
support; 
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an HR mirror immovably a?ixed to the substrate, for 
re?ecting light; 

an OC mirror immovably af?xed to the substrate and dis 
posed along the axis, for re?ecting light and passing a 
remainder of the light therethrough; 

a gain element adapted to amplify and polariZe the light, 
the gain element immovably a?ixed to the substrate and 
disposed betWeen the OC mirror and the HR mirror; and 

a ?rst Risley Wedge pair adapted to rotate about the axis 
until an optimal rotation position is reached, the ?rst 
Risley Wedge pair having a substantially circular cross 
section and substantially supported betWeen the tWo 
inner sides of the ?rst support, the ?rst support posi 
tioned betWeen the HR mirror and the OC mirror, 
Wherein light re?ected from the HR mirror passes 
through the ?rst Risley Wedge pair and the gain element 
and partially through the OC mirror to provide a laser 
output, Wherein the ?rst Risley Wedge pair is ?xed in the 
rotationposition based on a desired threshold in the laser 
output. 

2. The apparatus of claim 1 Wherein the light re?ected off 
the HR mirror comprises light at a ?rst Wavelength, the appa 
ratus further comprising Wavelength shifting means for 
changing the light at the ?rst Wavelength to light at a second 
Wavelength, the Wavelength shifting means passing the light 
at the ?rst Wavelength, the Wavelength shifting means dis 
posed betWeen the gain element and the OC mirror along the 
axis. 

3. The apparatus of claim 2 Where the Wavelength shifting 
means further comprises means for re?ecting light at the 
second Wavelength. 

4. The apparatus of claim 2 further comprising: 
a second support immovable With respect to the substrate 

and having tWo inner sides; and 
a second Risley Wedge pair adapted to rotate about the axis 

until a second optimal rotation position is reached, the 
second Risley Wedge pair substantially supported 
betWeen the tWo inner sides of the second support and 
positioned betWeen the Wavelength shifting means and 
the OC mirror, Wherein the second Risley Wedge pair is 
?xed in the rotation position based on the desired thresh 
old in the laser output. 

5. The apparatus of claim 4, Wherein the ?rst support is 
integral to the substrate, and Wherein the substrate includes a 
second recess therein, With the second support adapted to ?t 
into the second recess. 

6. The apparatus of claim 1, Wherein the substrate has a ?rst 
and a second concave recess formed therein, the HR mirror 
disposed in the ?rst concave recess and the gain element 
disposed in the second concave recess. 

7. The apparatus of claim 6 Wherein the ?rst concave recess 
fully supports the HR mirror, and Wherein the apparatus com 
prises: 

a third recess formed in the substrate and having a third 

radius; 
a Q-sWitch disposed along the axis betWeen the HR mirror 

and the OC mirror, the Q-sWitch having a third surface 
shaped substantially to match the third radius of the third 
recess such that the Q-sWitch is rotatable in a pitch and a 
yaW direction With respect to the axis to align the 
Q-sWitch prior to being immovably af?xed in the third 
recess. 

8. The apparatus of claim 2 further comprising a Q-sWitch 
immovably a?ixed to the substrate and disposed along the 
axis betWeen the HR mirror and the OC mirror. 

20 

30 

40 

45 

55 

60 

65 

12 
9. An apparatus, comprising: 
a substrate aligned along an axis and having at least a ?rst 

recess and a second recess; 
a ?rst support disposed at least partially Within the ?rst 

recess, the ?rst support immovable With respect to the 
substrate and having tWo inner sides; 

an HR mirror immovably af?xed to the substrate and dis 
posed along the axis, for re?ecting light, Wherein the 
light re?ected of the HR mirror comprises light at a ?rst 
Wavelength; 

an OC mirror immovably af?xed to the substrate and dis 
posed along the axis, for re?ecting light and passing a 
remainder of the light therethrough; 

a gain element adapted to amplify and polariZe the light, 
the gain element immovably a?ixed to the substrate and 
disposed betWeen the OC mirror and the HR mirror; 

a ?rst adjustable element disposed along the axis and 
adapted to rotate With respect to the axis until a ?rst 
optimal rotation position is reached, the ?rst adjustable 
element having a substantially circular cross section and 
supported betWeen the tWo inner sides of the ?rst sup 
port, Wherein light re?ected from the HR mirror passes 
through the gain element and partially through the OC 
mirror to provide a laser output, Wherein the ?rst adjust 
able element is ?xed at the ?rst optimal rotation position 
based on a desired threshold in the laser output; 

a Wavelength shifting component adapted to change the 
light at the ?rst Wavelength to light at a second Wave 
length, the Wavelength shifting component immovably 
af?xed to the substrate and disposed betWeen the gain 
element and the OC mirror along the axis, the Wave 
length shifting component adapted to pass the light at the 
?rst Wavelength; 

a second support disposed at least partially Within the sec 
ond recess of the substrate, the second support immov 
able With respect to the substrate and having tWo inner 
sides; and 

a second adjustable element, having a substantially circular 
cross section and disposed along the axis, adapted to 
rotate With respect to the axis until a second optimal 
rotation position is reached, the second adjustable ele 
ment supported betWeen the tWo inner sides of the sec 
ond support, Wherein the second adjustable element is 
?xed at the second optimal rotation position based on the 
desired threshold in the laser output. 

10. The apparatus of claim 9 Wherein the substrate com 
prises a third recess shaped into the substrate, the third recess 
having a third radius, and Wherein the HR mirror or the OC 
mirror is disposed in the third recess and has a spherically 
shaped bottom With substantially the third radius Which 
alloWs rotation in a pitch and a yaW direction With respect to 
the axis prior to being immovably ?xed. 

11. The apparatus of claim 10 Wherein the third recess has 
a rim therearound. 

12. The apparatus of claim 11 Where the substrate has a top, 
the top opposite the bottom, Where the rim encircles a surface 
extending betWeen the top and the bottom. 

13. The apparatus of claim 10 Where the rim encircles a 
depression in the substrate. 

14. The apparatus of claim 10 Where the HR mirror is 
disposed on a distal end of the ?rst adjustable element so that 
the light passes therethrough. 

15. The apparatus of claim 10 Where the HR mirror is 
disposed on a proximal end of the ?rst adjustable element. 

16. The apparatus of claim 10 Where the OC mirror is 
disposed on a distal end of the ?rst adjustable element so that 
the light passes therethrough. 
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17. The apparatus of claim 10 Where the OC mirror is 
disposed on a proximal end of the ?rst adjustable element. 

18. The apparatus of claim 9 Wherein the ?rst adjustable 
element is a ?rst Risley Wedge pair, the ?rst Risley Wedge pair 
having a Risley axis therethrough, Wherein the ?rst support 
?xes the Risley axis substantially parallel to the axis. 

19. The apparatus of claim 9 Wherein the ?rst recess is a 
trench and the ?rst support is formed from a same material as 
the substrate. 

20. The apparatus of claim 9 Wherein the tWo inner sides of 
the ?rst support join together to form a V-block, and Wherein 
the tWo inner sides of the second support join together to form 
a V-block. 

21. The apparatus of claim 10, Wherein the third recess 
comprises a ?rst concave recess formed in the substrate, 
Wherein the HR mirror is disposed in the ?rst concave recess. 

22. The apparatus of claim 9 Wherein the Wavelength shift 
ing component is further adapted to re?ect light at the second 
Wavelength. 

23. The apparatus of claim 10 Wherein the substrate com 
prises a fourth recess shaped into the substrate, the fourth 
recess having a fourth radius, Wherein the HR mirror is dis 
posed in the third recess and the OC mirror is disposed in the 
fourth recess, the OC mirror having a spherically shaped 
bottom With substantially the fourth radius, Which alloWs 
rotation in a pitch and a yaW direction With respect to the axis 
prior to being immovably ?xed. 

24. The apparatus of claim 22, Wherein the second adjust 
able element has a ?rst end and a second end, the ?rst end 
closer to the HR mirror than the second end. 

25. The apparatus of claim 22, Wherein the second adjust 
able element has a ?rst end and a second end, the ?rst end 
closer to the HR mirror than the second end, the second end 
closer to the OC mirror than the ?rst end. 

26. The apparatus of claim 22, Wherein the OC mirror is 
disposed on a distal end of the second adjustable element. 

27. The apparatus of claim 22, Wherein the OC mirror is 
disposed on a proximate end of the second adjustable ele 
ment. 

28. The apparatus of claim 23, further comprising: 
a ?fth recess formed in the substrate and having a ?fth 

radius; 
a Q-sWitch disposed along the axis betWeen the HR mirror 

and the OC mirror, the Q-sWitch having a ?fth surface 
shaped substantially to match the ?fth radius of the ?fth 
recess such that the Q-sWitch is rotatable in a pitch and a 
yaW direction With respect to the axis to align the 
Q-sWitch prior to being immovably af?xed in the third 
recess. 

29. A method for manufacturing a laser resonator, the 
method comprising: 

pre-aligning an HR mirror, a gain element, a ?rst adjustable 
element and an output coupler (OC) mirror on a com 
mon substrate along an axis to form the resonator, 
Wherein the HR mirror, the gain element, the ?rst adjust 
able element, and the OC mirror are immovably a?ixed 
to the common substrate subsequent to the pre-aligning; 

exciting the resonator to provide a laser output; 
aligning the ?rst adjustable element by rotating about and 

With respect to the axis While monitoring the laser out 
put, Wherein the ?rst adjustable element is disposed on a 
?rst support that is disposed at least partially Within a 
?rst recess of the common substrate, the ?rst support 
being immovable With respect to the common substrate 
and having tWo inner sides upon Which the ?rst adjust 
able element is entirely supported; and 
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af?xing the ?rst adjustable element in a rotation position 

once a threshold in the laser output is reached. 
30. The method of claim 29 Where the HR mirror, the gain 

element and the OC mirror are a?ixed to the common sub 
strate after the step of pre-aligning and before the step of 
af?xing the ?rst adjustable element. 

31. The method of claim 29 Where the HR mirror, the gain 
element and the OC mirror are a?ixed to the common sub 
strate after the step of aligning the ?rst adjustable element. 

32. The method of claim 29 Wherein the pre-aligning com 
prises pre-aligning a Q-sWitch on the common substrate 
betWeen the HR mirror and the OC mirror, the Q-sWitch 
disposed Within a second recess having a second radius 
formed in the common substrate, the Q-sWitch having a sec 
ond surface shaped substantially to match the second radius 
of the second recess such that the Q-sWitch is adjustable in a 
pitch and a yaW direction With respect to the axis to align the 
Q-sWitch prior to being immovably af?xed in the ?rst recess. 

33. The method of claim 32, Wherein a third recess and a 
fourth recess are formed in the common substrate, the HR 
mirror and the OC mirror are disposed, respectively, in the 
third recess and the fourth recess and have surfaces shaped 
substantially to match to alloW rotation in a pitch and a yaW 
direction With respect to the axis. 

34. The method of claim 29, Wherein the pre-aligning 
includes pre-aligning a second adjustable element, and 
Wherein the aligning includes aligning the second adjustable 
element by rotating about and With respect to the axis While 
monitoring the laser output, Wherein the second adjustable 
element is disposed on a second support that is disposed at 
least partially Within a second recess of the common sub 
strate, the second support being immovable With respect to 
the common substrate and having tWo inner sides upon Which 
the second adjustable element is entirely supported, and 
Wherein the af?xing includes af?xing the second adjustable 
element in a second rotation position once a threshold in the 
laser output is reached. 

35. The method of claim 34, Wherein the common substrate 
comprises a third recess shaped into the common substrate, 
the third recess having a third radius, and Wherein the HR 
mirror or the OC mirror is disposed in the third recess and has 
a spherically shaped bottom With substantially the third 
radius, Which alloWs rotation in a pitch and yaW direction With 
respect to the axis prior to being immovably ?xed. 

36. The method of claim 35 Wherein the third recess has a 
rim therearound. 

37. The method of claim 36 Where the common substrate 
has a top, the top opposite a bottom, Where the rim encircles 
a surface extending betWeen the top and the bottom. 

38. The method of claim 34, Wherein the ?rst adjustable 
element is a ?rst Risley Wedge pair, the ?rst Risley Wedge pair 
having a Risley axis therethrough, Wherein the ?rst support 
?xes the Risley axis substantially parallel to the axis. 

39. The method of claim 38 Wherein the ?rst support com 
prises a mechanical support having tWo angled sides and 
formed of a same material as the common substrate. 

40. The method of claim 39 Wherein the second support 
comprises a mechanical support having tWo angled sides and 
formed of the same material as the common substrate. 

41. The method of claim 39 Where the mechanical support 
is a V-block. 

42. The method of claim 38 Wherein the common substrate 
comprises a ?rst concave recess formed in the common sub 
strate, Wherein the gain element is disposed in the ?rst con 
cave recess. 

43. A method for manufacturing an eye-safe laser resona 
tor, the method comprising: 
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pre-aligning an HR mirror, a ?rst adjustable element, a gain 
element, an intermediate (HR/HT) mirror, a second 
adjustable element and an output coupler (OC) mirror on 
a common substrate along an axis to form the resonator, 
Wherein the HR mirror, the ?rst adjustable element, the 
gain element, the HR/HT mirror, the second adjustable 
element, and the OC mirror are immovably af?xed to the 
common substrate subsequent to the pre-aligning; 

exciting the resonator to provide a laser output; 
aligning the ?rst and the second adjustable elements by 

rotating about and With respect to the axis While moni 
toring the laser output, Wherein the ?rst and second 
adjustable elements are disposed on ?rst and second 
supports, respectively, that are disposed at least partially 
Within corresponding ?rst and second recesses of the 
common substrate, the ?rst and second supports being 
immovable With respect to the common substrate and 
With each having tWo inner sides upon Which the corre 
sponding ?rst and second adjustable elements are 
entirely supported; and 

a?ixing the ?rst and the second adjustable elements in 
?xed rotation positions once a threshold in the laser 
output is reached. 

44. The method of claim 43 Wherein the common substrate 
has a third and a fourth recess adapted to support the HR 
mirror and the OC mirror, respectively, having spherical bot 
toms thereon adapted to mate to the third and the fourth 
recesses, respectively. 

45. The method of claim 43 Wherein the ?rst and the second 
adjustable elements are a ?rst and a second Risley Wedge pair, 
respectively, the ?rst and second supports ?xing the rotational 
axis of the ?rst and the second Risley Wedge pairs substan 
tially parallel to the axis. 

46. The method of claim 45 Wherein the ?rst and the second 
supports are formed of a same material as the common sub 
strate. 

47. The method of claim 45 Wherein the ?rst and the second 
supporting means are V-blocks. 

48. A laser resonator manufactured according to the 
method of claim 29, Wherein the laser resonator further com 
prises: 

an optic having a spherical bottom, the optic adapted to 
rotate in pitch and yaW With respect to the axis, the optic 
having either the HR mirror or the OC mirror thereon, 
the spherical bottom of the optic adapted to mate With a 
spherical recess of the common substrate, Wherein the 
light re?ected off the HR mirror passes through the gain 
element and partially through the OC mirror to form a 
laser output, Wherein the optic is ?xed in a rotation 
position once a threshold in the laser output is reached. 

49. The laser resonator Of claim 48 Wherein the optic has 
the HR mirror thereon and Wherein the laser resonator further 
comprises a second optic having a spherical bottom, the sec 
ond optic adapted to rotate in pitch and yaW With respect to the 
axis, the second optic having the OC mirror thereon, the 
spherical bottom of the second optic adapted to mate With a 
second spherical recess of the common substrate, Wherein the 
light re?ected off the HR mirror passes through the gain 
element and partially through the OC mirror to form a laser 
output, Wherein the second optic is ?xed in a rotation position 
once a threshold in the laser output is reached. 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

16 
50. The laser resonator of claim 48 further comprising a 

Q-sWitch disposed betWeen the HR mirror and the OC mirror. 
51. An eye-safe laser resonator manufactured according to 

the method of claim 43, Wherein the eye-safe laser resonator 
further comprises: 

an optical parametric oscillator (OPO) crystal adapted to 
shift a light at a ?rst Wavelength to a light at a second 
Wavelength, the OPO crystal disposed betWeen the gain 
element and the OC mirror; 

a ?rst and a second spherical recess disposed Within the 
common substrate; and 

a ?rst and a second adjustable optic each having a spherical 
bottom, the ?rst and the second adjustable optics 
adapted to rotate in pitch and yaW With respect to the 
axis, the ?rst adjustable optic having either the HR mir 
ror or the HR/HT mirror disposed thereon, the second 
adjustable optic having either the HR/HT mirror or the 
OC mirror disposed thereon, the spherical bottoms of the 
?rst and the second adjustable optics adapted to mate 
With and be supported by the ?rst and second spherical 
recesses, respectively, Wherein the light at the ?rst Wave 
length re?ects off the HR mirror, passes through the gain 
element, is shifted to the second Wavelength by the OPO 
crystal and partially transmitted through the OC mirror 
to form a laser output of the light at the second Wave 
length, Wherein the ?rst and second adjustable optics are 
?xed in rotation positions during manufacture once a 
threshold in the laser output is reached. 

52. The laser resonator of claim 51 further comprising a 
Q-sWitch disposed betWeen the HR mirror and the OC mirror. 

53. An eye-safe monoblock laser resonator manufactured 
according to the method of claim 43, Wherein the laser reso 
nator further comprises: 

a ?rst, a second, and a third spherical recess formed Within 
the common substrate; 

an optical parametric oscillator (OPO) crystal adapted to 
shift a light at a ?rst Wavelength to a light at a second 
Wavelength, the OPO crystal disposed betWeen the gain 
element and the OC mirror; 

a ?rst, a second, and a third adjustable optic, each having a 
spherical bottom, the ?rst, the second, and the third 
adjustable optics adapted to rotate in pitch and yaW With 
respect to the axis, the ?rst adjustable optic having a the 
HR mirror disposed thereon, the second optic having the 
HR/HT mirror disposed thereon, and the third adjustable 
optic having the OC mirror disposed thereon, the spheri 
cal bottoms of the ?rst, and the second, and the third 
adjustable optics adapted to mate With the ?rst, the sec 
ond, and the third spherical recesses in the substrate, 
respectively, Wherein the light at the ?rst Wavelength 
re?ects off the HR mirror, passes through the gain ele 
ment, is shifted to light at the second Wavelength by the 
OPO crystal partially transmitted through the OC mirror 
to form a laser output of light at the second Wavelength, 
Wherein the ?rst, the second, and the third adjustable 
optics are ?xed in rotation positions during manufacture 
once a threshold in the laser output is reached. 

54. The laser resonator of claim 53 further comprising a 
Q-sWitch disposed betWeen the HR mirror and the OC mirror. 

* * * * * 


